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Nonnative marine species are increasingly recognized as a threat to the world’s
oceans, yet are poorly understood relative to their terrestrial and freshwater
counterparts. Here, we conducted a systematic review of 2,203 research arti-
cles on nonnative marine animals to determine whether the current literature
reflects the known diversity of marine invaders, howmuchwe know about these
species, and how frequently their impacts are measured. We found that only 39%
of nonnative animals listed in the World Register of Introduced Marine Species
appeared in the peer-reviewed English literature. Of those, fewer than half were
the subject of more than one study. There is currently little focus on the con-
sequences of marine introductions: only 9.9% of studies quantified the impact of
nonnative species. Finally, our knowledge of nonnative marine species is heavily
limited by strong taxonomic biases consistent across all phyla, resulting in one
or two disproportionately well-studied representatives for each phylum, which
we refer to as the “poster children” of invasion. These gaps in the literature make
it difficult to effectively triage the most detrimental invasive species for manage-
ment and illustrate the challenges in achieving the global biodiversity goals of
preventing andmanaging the introduction and establishment of invasive species.
KEYWORDS
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1 INTRODUCTION
Marine species have been transported and introduced to
areas beyond their native ranges in virtually all parts of
the coastal ocean (Molnar et al., 2008; Rilov & Crooks,
2009). Many translocated species appear to have no impact
on native communities and ecosystems (e.g., Anton et al.,
2019). Some are truly benign, while for others, an appar-
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ent lack of effect is due to a lack of power at detect-
ing these effects (Davidson & Hewitt, 2014) or delayed
manifestation of impacts due to lag times in the inva-
sion process (Crooks, 2005; Iacarella et al., 2015). However,
some translocated species become readily invasive; they
increase in abundance, competing effectively for resources
with native species or preying on them (Blackburn et al.,
2019; Molnar et al., 2008; Pyšek et al., 2020; Vitousek
et al., 1996; Wallentinus & Nyberg, 2007). In some cases,
these species can ultimately trigger declines in native
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populations, resulting in losses in ecosystem services
(Blackburn et al., 2019). Nevertheless, potential benefits of
some invasive species have been highlighted: they can be
ecosystem engineers, increasing habitat or prey availabil-
ity for native species, or replace ecological functions that
would otherwise be lost following the decline or disappear-
ance of native species (Davis et al., 2011; Katsanevakis et al.,
2014; Schlaepfer et al., 2011).
Whether measurable impact should be at the core of
any definition of invasiveness is an academic question
that has important implications for marine conservation.
Blackburn et al. (2014), for example, proposed a general
framework for the prioritization of invasive species for
management that relied heavily on demonstrated negative
impacts. However, Ojaveer et al. (2015) argued that such
a framework might underestimate the risk of nonnative
marine species because the impacts of marine invaders
take a long time to manifest and might be subtle in com-
parison to the effects of invasive species on land. Indeed,
the effects of nonnative marine species are generally not
well known and are taxonomically biased (Crystal-Ornelas
& Lockwood, 2020; Florencio et al., 2019; Katsanevakis
et al., 2014; Lowry et al., 2013; Ruiz et al., 1999; Vilà et al.,
2010). For example, recent global meta-analyses of inva-
sive marine species impacts tend to be dominated by stud-
ies of primary producers (e.g., 60% of studies in Guy-Haim
et al., 2018; 41% of species in Anton et al., 2019), even
though plants and algae only account for 25% of all intro-
duced species recorded in the World Register of Intro-
duced Marine Species (WRiMS; Ahyong et al., 2020). Per-
haps for this reason, concerns have been raised about the
inclusion of only one nonnative marine species (i.e., Plo-
tosus lineatus) on the list of invasive alien species of con-
cern to the European Union (Tsiamis et al., 2020), despite
the well-known high risk of marine introductions into the
Mediterranean Sea (Galil, 2008; Zenetos et al., 2017). Fur-
thermore, even for the better studied primary producers,
the impacts of only 10% of knownnonnative seaweeds have
been studied (Davidson et al., 2015; Schaffelke & Hewitt,
2007; Williams & Smith, 2007), a proportion that might
apply to marine invaders in general (Anton et al., 2019).
In fact, even the most basic ecological knowledge about
nonnative marine species, which could hint at their inva-
siveness and potential impact, seems to be lacking (Braga
et al., 2018; Lowry et al., 2013). A case in point is the lack
of any information about reproductive behavior or ontoge-
netic habitat shifts by Indo-Pacific lionfish (Pterois sp.) in
thewesternAtlantic, which is arguably one of the best doc-
umented recent marine invasions (Côté & Smith, 2018).
Here, we conducted a systematic review of the published
English-language literature to survey what is currently
known about nonnativemarine animals.More specifically,
we asked whether the relatively poor understanding of
invasive algae is mirrored in major groups of nonnative
marine animals. Using the eightmost speciosemarine ani-
mal phyla in WRiMS (Ahyong et al., 2020), as well as
the intensively studied phylum Ctenophora, we examined
the topics and locations of studies of nonnative marine
animals to assess their relevance to our understanding
of ecological impact. Finally, we also documented varia-
tion in study intensity across species to determine if there
are marked taxonomic biases in what scientists choose to
study.
2 METHODS
2.1 Literature search and selection
criteria
Using the ISI Web of Science database, we conducted
a comprehensive systematic literature review focusing
on nine major phyla of marine macro-animals: Porifera,
Ctenophora, Cnidaria, Bryozoa, Annelida, Mollusca,
Arthropoda, Echinodermata, and Chordata (separated
into Tunicata and fishes). The terminology used to
describe nonnative species is inconsistent and highly var-
ied among invasion biologists; some classify all nonnative
species as “invasive,” others delineate “introduced” and
“invasive” based on spread or impact, and some even
classify certain native species as invasive (Lockwood et al.,
2013). We therefore chose to use broad search terms to
capture as much of the relevant literature possible (i.e.,
invasive, introduced, nonnative, nonindigenous, alien,
exotic). In this review, we specifically use “nonnative” to
refer to any species found outside of its native geographical
range as a consequence of human activity (whether direct
or indirect) and “invasive” to refer to any of these species
that have been shown to have significant and detrimental
impacts in these nonnative habitats. We searched each
taxon separately with taxon-specific search terms for “all
years” ending June 2018 (see online supplement for full
search strings). To ensure that using a single database
was adequate, we conducted the same search for one
phylum, Cnidaria, using the Aquatic Sciences and Fish-
eries Abstracts database. This search yielded only seven
additional studies that met our inclusion criteria, or just
5% of the number obtained with Web of Science.
We first refined and excluded all obviously irrelevant
articles, such asmedical articles, usingWeb of Science Cat-
egories. We then rejected articles on the basis of the title,
or the abstract when the title was insufficiently informa-
tive. Articles were rejected if they were (1) not about one of
the target taxonomic groups, (2) not about amarine species
(including articles on euryhaline species in freshwater), or
(3) not about a nonnative species.We only accepted articles
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F IGURE 1 Flow chart showing the steps taken in evaluating
studies for inclusion in this systematic review
when the nonnative species was studied or collected from
its invaded region. Whether or not climate-driven range-
shifting species should be classified as introduced or inva-
sive is a contentious debate in invasion biology (Urban,
2020; Wallingford et al., 2020); to limit reviewer subjec-
tivity and to include studies in which the source of intro-
duction was unclear, we accepted all studies in which the
authors described the focal species as being out of its native
range. If the nonnative species was introduced for aqua-
culture, we only accepted articles when the species had
escaped from aquaculture facilities and was studied in the
wild. We noted the reason for rejection for each article
(Figure 1).
2.2 Accepted articles and impact
For all accepted articles, we recorded the topic and
location of study, the nonnative species and habitat types
examined, and whether the article assessed impact. We
categorized articles into eight main topics: (1) taxon (the
taxonomic description of a new species), (2) descriptive
(descriptions of life-history traits or body morphology),
(3) distribution (record in a new location, overall rich-
ness, range extensions, or confirmation of presence), (4)
toxin (toxin content or uptake by invader), (5) genetics
(population genetics, genome studies, identification of
cryptic species, phylogeography), (6) timing (estimates
of time since invasion), (7) management and methods
(mitigation of impacts, methods of control or removal, or
descriptive methods for detecting the invader), and (8)
ecology. We further categorized ecological studies into
eight subtopics (see online supplement for details). For
each study, we recorded the marine province(s) in which
the study took place (sensu Spalding et al., 2007) and
the latitude and longitude of the study site. If there were
multiple sites within a province, we selected coordinates
at approximately the center of the study area. If multiple
provinces were studied, we recorded one set of coordinates
in each province. Finally, we recorded the habitat type(s)
examined in each study, following the International Union
for Conservation of Nature (IUCN) Habitats Classification
Scheme (IUCN, 2020; see online supplement for full
breakdown of habitat and subhabitat types).
Impact is often poorly and inconsistently defined across
the biotic invasion literature (Jeschke et al., 2014). In the
most basic sense of the word, all nonnative species nec-
essarily have an impact just by being present in a new
location (Ricciardi et al., 2013). More commonly though,
in the context of invasions, the definition generally com-
prises three key, interacting factors: range, abundance, and
per capita effects of the invader (Parker et al., 1999). To
broadly capture all studies within our search that may be
used for decision-making processes, we accepted all stud-
ies that included effects, even when estimates of range or
abundance were missing. We therefore adapted the def-
inition from Ruiz et al. (1999), and considered impacts
as quantifiable changes in native populations, communi-
ties, ecological processes, or habitats. Under this defini-
tion, for instance, a trophic study analyzing the gut con-
tents of a nonnative predator would not be considered an
impact study, while a trophic study measuring changes
in native prey density in the presence of the nonnative
predator would. These are much broader inclusion criteria
than those used in recentmeta-analyses (Anton et al., 2019;
Guy-Haim et al., 2018), which require specific parameters
(e.g., means, sample sizes, variance) to compare effects
across studies. However, since invasive species manage-
ment relies on all available evidence of impact, includ-
ing less rigorous studies, we believe that our more gen-
eral definition is better suited to our analysis. For articles
measuring impact, we also noted the study method (i.e.,
observational study, field experiment, or mesocosm or lab
experiment).
2.3 Global list of marine invasive
animals
To determine the proportion of known nonnative marine
species that have been studied, we compared our list of
species derived from the literature survey with that of
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F IGURE 2 (a) Number of studies of nonnative marine animal species in each phylum found in this review, with the number of studies
measuring impact of the introduced species shaded in black. The number of known introduced species from the World Register of Introduced
Marine Species (WRiMS; Ahyong et al., 2020) in each phylum is given in parentheses. The phylum Chordata has been divided into fishes and
Tunicata. Studies including more than one species within a phylum are only counted once per phylum. (b) Number of studies on each
phylum found in this review in relation to the number of introduced species reported in WRiMS. The regression line is shown. Phyla above
the line have been studied disproportionately more than expected from the phylum-specific number of species reported in WRiMS
a global database of introduced marine organisms. We
obtained the total number of nonnative species from each
phylum and the introduced geographical distributions of
each species from theWorld Register of IntroducedMarine
Species (WRiMS; Ahyong et al., 2020). This database
records the marine species from the World Register of
Marine Species (WoRMS; WoRMS Editorial Board, 2020)
that have been introduced by human activities to novel
geographic areas outside their respective native ranges.
TheWRiMS list includes both accepted species names and
synonyms, so we removed taxonomic duplicates to avoid
overestimating the number of known introduced species.
We then cross-referenced our own list of species with the
appropriate accepted synonyms on WoRMS to make the
lists directly comparable. Finally, we assigned the appro-
priatemarine province code(s) (sensu Spalding et al., 2007)
to each species’ recorded distribution to examine any geo-
graphic biases in the dataset and their similarity to those in
the published literature.Using the number of known intro-
duced species in each province as a proxy for the expected
research effort for that location, we determined areas of
disproportionately high or low research effort by calcu-
lating the ratio between the number of studies found in
this review and the number of species in each province as
recorded in WRiMS.
Because WRiMS excludes species that colonized new
locations naturally (i.e., range extensions), even if in
response to human-induced climate change, we compared
our species list both (1) without removing any species and
(2) removing studies that focused solely on distribution
as a main topic, which includes range expansions due to
climate change. We chose to compare our results with
the species list from WRiMS because it combines many
global and regional databases of invasive species (e.g.,
ISSG Archives, Global Invasive Species Database, and the
European Alien Species Information Network) with peer-
reviewed articles (e.g., Molnar et al., 2008) to create a com-
prehensive, taxonomically corrected list of marine intro-
duced species. We calculated all summary statistics and
created all figures in R v.3.6.2 (R Core Team, 2019) using
the ggplot2 (Wickham, 2016), ggrepel (Slowikowski, 2019),
patchwork (Pedersen, 2019), fishualize (Schiettekatte et al.,
2020), and PNWColors (Lawlor, 2020) packages.
3 RESULTS
Our initial searches yielded 18,674 articles, with the high-
est number of articles for Chordata (n = 11,815), fol-
lowed by Mollusca (n = 2,860), Arthropoda (n = 2,116),
Echinodermata (n = 509), Porifera (n = 313), Annel-
ida (n = 301), Bryozoa (n = 296), Cnidaria (n = 293),
and Ctenophora (n = 171). We ultimately accepted 2,443
studies, which were unevenly distributed across all taxa.
Chordates (fishes and tunicates combined) accounted for
the largest proportion of studies (38%), while echinoderms
accounted for less than 2% (Figure 2a). Fishes, tunicates
and molluscs have been studied disproportionately more
often than expected given their phylum-specific number
of species reported in the global database of marine intro-
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F IGURE 3 Proportions of species listed in the World Register of Introduced Marine Species (WRiMS) that were the subject of at least
one study found in this literature review, (a) including and (b) excluding studies that exclusively looked at distribution
duced species (WRiMS), whereas the converse holds in
particular for annelids and arthropods (Figure 2b). In total,
there were 240 reviews, which we removed from further
analyses as they did not present novel information pertain-
ing to nonnative species.
3.1 Proportions of known nonnative
taxa studied
Few nonnative marine species have been studied in the
peer-reviewed literature compared to the list of introduced
species fromWRiMS. Fishes andMolluscawere the groups
with the most species studied (n = 254 species and
n = 203, respectively), followed by Arthropoda (n = 197),
Tunicata (n = 88), Bryozoa (n = 77), Annelida (n = 68),
Cnidaria (n = 56), Porifera (n = 17), Echinodermata
(n = 6), andCtenophora (n = 4; Table S1). All Ctenophora
species listed in WRiMS have been the subject of at least
one study (Figure 3). For other taxa, the proportion of
WRiMS-listed species that have been studied ranged from
74.3% for tunicates to 15.8% for echinoderms (Figure 3).
Many nonnative species that have been studied were not
in WRiMS. Fishes and Arthropoda had the largest num-
ber of species that were not listed (n = 142 and n = 89,
respectively), followed by Mollusca (n = 53), Tunicata
(n = 36), Bryozoa (n = 30), Cnidaria (n = 22), Annel-
ida (n = 16), Porifera (n = 9), Echinodermata (n = 3), and
Ctenophora (n = 0; Figure S1). The numbers of “miss-
ing” species are lower, particularly for fishes (n = 74) and
Arthropoda (n= 20), when studies of distribution—which
include records of climate-related range expansions not in
WRiMS—are omitted (Figure S1).
3.2 Biases in study topics
Across the eight topics used to categorize articles, nearly
three-quarters of all articles focused on either ecology
(41.0%) or distribution (35.4%). The remaining studieswere
divided into genetics (10.9%), descriptive (5.1%), manage-
ment and methods (4.1%), taxon (1.4%), toxin (1.1%), and
timing (1.1%; Figure S2). Within ecological studies, each of
whichmay containmore than a single subtopic (n = 1,054
studies with a combined n = 1,209 subtopics), more
than half were about habitat (26.2%) or trophic interac-
tions (24.7%; Figure S3). More than half of all studies,
each of which could contain more than a single habi-
tat type (n = 2,203 studies with n = 2,585 recorded habi-
tat types), were conducted in neritic habitats (52.3%),
while artificial substrates (18.8%) and intertidal habitats
(17.1%) were studied less frequently (Figures 4 and S4).
Coastal/supratidal habitats only accounted for 4.1% of
studies, while 7.6% of studies did not specify habitat
type.
Relatively few studies assessed ecological impact (i.e.,
217 out of 2,203 studies, or 9.9%). The largest proportions
of studies assessing ecological impact were for echino-
derms (18.4%), ctenophores (16.4%), molluscs (12.9%), and
annelids (12.9%; Figure 2a). In contrast, fewer than one
in every 10 studies of all other taxa documented impact;
the extreme was bryozoans, which only had four out of
151 studies measuring impact (2.6%; Figure 2a). Overall,
only 5.4%of the introduced species on theWRiMSdatabase
have been the subject of any studies measuring impact.
Most studies (55%) assessing ecological impact were done
observationally as correlational relationships in the field.
The remaining studies used field experiments (30.0%) or
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F IGURE 4 Habitat types examined in studies of nonnative
marine animals, following the IUCN Habitats Classification
Scheme, Version 3.1 (IUCN, 2020). Studies covering more than one
habitat type are counted once for each habitat type (n = 2,203
studies and n = 2,585 cases). The variable shading within bars
corresponds to subhabitat types (see online supplement for
subhabitat type list)
ex situ experiments in laboratories or mesocosms (15.0%,
Figure S5).
3.3 Geographic biases
We found strong geographic biases in the locations of non-
native marine animals recorded in WRiMS (Figures 5a
and S6), with substantially higher numbers recorded in
Europe and North America than anywhere else in the
world. We observed a similar trend in the distribution of
study sites found in this review, with most European and
North American regions the sites of hundreds of studies,
while many other marine provinces were unstudied (Fig-
ure 5b). Despite these broad trends, there were interesting
discrepancies between these two data sets. For instance,
while South America and Australia host similar numbers
of introduced species according to WRiMS, most South
American provinces were studied more frequently than
expected while most Australian provinces were studied
less frequently (Figure 5c).
3.4 Taxonomic biases
We also found strong taxonomic biases in the species stud-
ied, with 55.2% of species appearing in a single study, and
only 7.7% of species appearing in 10 or more studies (Fig-
ure 6). In each of four phyla, one species was studied more
than twice as often as the next most-studied species and
emerged as a clear “poster child” (i.e., a disproportion-
ately well-studied representative) of invasion for that phy-
lum (Figure 7a). These phyla include Ctenophora, which
was dominated by studies of Mnemiopsis leidyi (with 69
studies, accounting for 93.2% of all studies and 100% of all
impact studies done on the phylum), Echinodermata (Aste-
rias amurensis, 16 studies, 48.5%, 71.4%), Porifera (Paraleu-
cilla magna, 16 studies, 43.2%, 0%), and fishes (Pterois voli-
tans/miles, 177 studies, 37.4%, 58.5%; Figure 7a). In other
phyla, research effort was more even and multiple species
were studied at least half as often as the most-studied
species (Figure 7b). Themost extensively studied species in
these taxa include the bryozoan Watersipora subtorquata
(36 studies, 26.7%, 25.0%), the tunicate Botrylloides vio-
laceus (70 studies, 20.3%, 26.9%), the cnidarian Tubastraea
coccinea (16 studies, 15.8%, 37.5%), the annelid Ficopoma-
tus enigmaticus (11 studies, 13.6%, 30.8%), the arthropod
Carcinus maenas (38 studies, 11.4%, 24.0%), and the mol-
luscMagallana gigas (67 studies, 11.1%, 20.1%; Figure 5b).
4 DISCUSSION
Nonnative marine species are consistently understudied
relative to their freshwater and terrestrial counterparts
(e.g., marine species account for only 21.7% of the studies
reviewed in Crystal-Ornelas & Lockwood, 2020). Here, we
found that within the limited body of research on nonna-
tive marine animals, there are clear biases toward research
on specific phyla, topics, habitats, locations, and species.
Chordates (fishes and tunicates) and molluscs are studied
disproportionately frequently, but fewer than one-quarter
of known introduced marine species have been studied in
most taxonomic groups. Only 9.9% of all studies assessed
the impact of introduced animals, and less than 6% of
known introduced marine animals have been the subject
of any studies measuring impact. Research bias is partic-
ularly evident at the species level. More than half of stud-
ied species appear in a single study, while only 7.7% appear
in 10 or more studies. Indeed, a fair amount of work has
been conducted on the detrimental effects of a few nonna-
tive marine animals—often just one species per phylum—
while very little is known about the rest. The extent to
which these representatives of marine invasions reflect the
threats posed by less well-studied species is a concern both
for the development of invasion ecology theory and for
management and conservation.
There is a mismatch between the peer-reviewed lit-
erature and what is arguably the most comprehensive
database of introduced marine species. Overall, we found
studies for only 38.9% of species listed in WRiMS, while
our review uncovered many papers on nonnative species
that were not listed in this database. As both WRiMS
and our own review show a strong geographic bias in
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F IGURE 5 Distribution of nonnative marine animals across marine provinces (sensu Spalding et al., 2007) in terms of (a) number of
known introduced species in the World Register of Introduced Marine Species (WRiMS; Ahyong et al., 2020), (b) number of studies included
in this review, and (c) the ratio of the number of studies to the number of species. A high ratio (red shades) indicates that a province has
received more research attention than expected given its number of known introduced species, while a low ratio (blue shades) indicates the
opposite
studies on nonnative marine animals toward English-
speaking regions (Figure 5), our decision to restrict our
search to the English-language literature seems unlikely
to explain this disconnect. Rather, these mismatches are
more likely due in part to the lack of standardization in
the language used to classify nonnative species (Black-
burn et al., 2011; Lockwood et al., 2013). These problems
manifested in two ways. First, inconsistencies in terminol-
ogy made it difficult to develop search strings that ade-
quately captured all published studies. It is possible that
our search terms did not capture studies that did not
clearly specify that a species was nonnative, which may
have contributed in part to the low proportions of intro-
duced species listed in WRiMS that were the subject of at
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F IGURE 6 Frequency distribution of number of studies of all
nonnative marine animal species included in this review. Each bar
represents one species (n = 972) and the height of each bar
represents the number of unique studies on each species. Studies
including more than one species are counted once for each species
(n = 2,203 studies and n = 3,870 cases). Note the y-axis is on a
log10 scale
least one study (Figure 3). However, given that our ini-
tial searches yielded more than 18,000 studies, this issue
is unlikely to explain the major discrepancies between
our results and WRiMS. Second, WRiMS draws data from
many other databases, each with their own distinct cat-
egorization of “invasive” or “introduced.” For instance,
the Global Invasive Species Database (GISD)—one of the
databases contributing to WRiMS—considers some native
species as invasive. It includes, for example, the crown-
of-thorns seastar, Acanthaster planci, which has eruptive
population dynamics and causes deleterious impacts on
corals (e.g., Baird et al., 2013; Leray et al., 2012), but which
has not been introduced beyond its native range. Such
inconsistencies might also explain only a small fraction of
the mismatch. Rather, it seems more likely that many of
the species present in WRiMS, but never formally studied,
have only been recorded on unpublished surveys and in
the grey literature. Simply put, it seems as though scien-
tists are unable to keep up with the ever-growing number
of new species introductions (Seebens et al., 2017).
Our results also highlight the paucity of empirical evi-
dence of impacts of nonnative marine species. Consistent
with the literature on nonnative algae (Davidson et al.,
2015; Schaffelke & Hewitt, 2007; Williams & Smith, 2007),
the impacts of only a small proportion of known nonna-
tive marine animals have been examined. Even with our
relatively broad inclusion criteria for impact papers, which
cast a wide net over studies that would be excluded from
more restrictive quantitative reviews, only 9.9% of the stud-
ies (i.e., 217 out of 2,203 unique studies), covering 5.4% of
known introduced animals listed in WRiMS (i.e., 81 out of
1,508 known species), quantified any measure of ecolog-
ical impact. This major gap in research may explain the
reliance of marine managers and policy makers on anec-
dotal evidence of invasive species impacts (Davidson et al.,
2015; Katsanevakis et al., 2014; Parker et al., 1999), which
can havemajor ecological and economic implications (e.g.,
Hager &McCoy, 1998). Furthermore, only 4.8% of the stud-
ies (i.e., 106 out of 2,203) assessed the effectiveness of any
type of management strategy.
Taxonomic biases are prevalent across much of the inva-
sion literature (e.g., Davidson et al., 2015; Florencio et al.,
2019; Pyšek et al., 2008), though much this work has
focused on interphyla or interguild differences. However,
the most striking biases we observed were at the species
level in the marine animals studied here. For instance,
Mnemiopsis leidyi alone accounts for 93.2% of all stud-
ies and 100% of impact studies on nonnative ctenophores.
Even among the more speciose nonnative fishes, the Indo-
Pacific lionfish, Pterois volitans/miles, accounts for more
than one-third of all studies and nearly two-thirds of all
impact studies. Though the “poster children” of marine
invasions have been studied exhaustively andhave reached
levels of scientific scrutiny and public awareness compa-
rable to the most well-studied terrestrial invaders, most
documented marine invaders are poorly represented, or
outright missing, from the literature. The clear imbal-
ance in research effort shown in Figure 6 mirrors the
results from a recent review on terrestrial and aquatic
invaders (Crystal-Ornelas & Lockwood, 2020), though the
disparities between the most and least-studied species
are far more extreme in marine animals than in other
groups. For instance, of the species listed in WRiMS that
were studied, more than half were only found in a single
study.
Taxonomic bias in nonnative species research is thought
to be driven by the perceived large impact of these over-
represented species (Pyšek et al., 2008), in which case a
disproportionate investment in researchmay be warranted
to aid in management and minimize the negative effects
of the worst offenders (Blackburn et al., 2014). However,
this reasoning is circular: the few species forwhich impacts
are already known will continue to be targeted for future
research, further entrenching the divide between the cur-
rent “poster children” of invasion and understudied non-
native species (Guerin et al., 2018). If the current litera-
ture reflected a greater diversity of nonnative species, then
perhaps uneven allocation of research efforts could be jus-
tified. Additionally, given our narrow understanding of
nonnative marine species, it is unclear whether the well-
studied representatives of invasion really do have larger
impacts than less-studied nonnative species. For instance,
a recent meta-analysis of nonnative marine species found
little to no ecological effect of themostwell-studiedmarine
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F IGURE 7 Frequency distributions of
number of studies of nonnative marine
animals in each phylum. Each plot shows the
top 10 most-studied species in each phylum.
The number of studies measuring the impact
of the nonnative species are shaded in black.
For phyla with fewer than 10 species studied,
all species are shown. The vertical lines
represent half of the number of studies on the
most-studied species in each phylum. Note
that the x-axis range is different for each
phylum. (a) Phyla with “poster children” of
invasion, that is, when the second
most-studied species has been the subject of
less than half as many studies as the
most-studied species in the same phylum.
“Poster children” are (from top to bottom):
Paraleucilla magna (Porifera),Mnemiopsis
leidyi (Ctenophora), Asterias amurensis
(Echinodermata), and Pterois volitans/miles
(Fishes). (b) Phyla in which several species
have been studied more than half as often as
the most-studied species. From top to bottom,




Carcinus maenas (Arthropoda), and
Botrylloides violaceus (Tunicata). See Table S1
for the full list of species
invaders (Anton et al., 2019), which would suggest a dis-
crepancy between perceived and actual effects (but see
Thomsen, 2020 regarding the issues with data aggregation
in this meta-analysis).
Many attempts have been made to synthesize the inva-
sion literature and develop robust, unified hypotheses and
management frameworks (Blackburn et al., 2011; Catford
et al., 2009), but there are risks in basing so much of
our understanding on a few model organisms. Despite the
fact that several hypotheses in invasion ecology have been
developed and tested on only a few taxa (e.g., terrestrial
plants), Pyšek et al. (2008) suggested that most groups
have been studied extensively enough to derive general
hypotheses that can be confidently applied across taxa.
Akin to the species–area relationship, in which increas-
ing the area of a habitat beyond a certain point results in
few additional species, Pyšek et al. (2008) proposed the
existence of a “species–information” relationship: once a
threshold number of case studies has been reached, there
is little need to study more species to improve generaliza-
tions. Based on the extreme intraphyla biases toward only
a few highly studied species uncovered in this review, we
suggest that the proposed information threshold may not
have yet been reached for marine animals, putting into
question any broad generalizations aboutmarine invaders.
Moreover, the inclusion of many studies of a few invaders
with large impacts may bias the results of reviews toward
overall negative impacts of nonnative species (Florencio
et al., 2019), despite little to no empirical evidence of impact
for most nonnative species. An exaggerated perception of
effects can, in turn,misguide prioritization effort andman-
agement action (Guerin et al., 2018).
The Intergovernmental Science-Policy Platform on Bio-
diversity andEcosystemServices (IPBES) specifically high-
lighted these issues of threat prioritization and resource
allocation as key focal points in their development of an
assessment of invasive alien species (IPBES, 2018). With
neither evidence of impact nor clear strategies for man-
agement prevalent in the literature, it will be a challenge
to effectively address these concerns. Currently, marine
managers must make a key decision in allocating limited
resources to combatting the negative impacts of nonna-
tive animals: they can either (1) assume that well-studied
invaders are representative of all nonnative species, thus
spreading resources thinly and inefficiently across many
species; or (2) assume that only these “poster children”
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are cause for concern, leading to more targeted manage-
ment efforts but leaving marine ecosystems vulnerable to
the potential impacts of other species. A concerted effort
from the scientific community to address this informa-
tion deficit, by diverting focus from the “poster children”
toward understudied nonnative species, would greatly aid
managers in balancing this trade-off. A study on a poorly
understood nonnative species could have greater value in
helping managers to effectively triage species for manage-
ment than a similar study on a species whose detrimental
impacts are already known.
As the world becomes increasingly interconnected,
there is a growing global concern over the early detec-
tion and mitigation of nonnative marine species. In 2010,
countries signatory to the Convention on Biological Diver-
sity of the United Nations addressed the issue of filling
the knowledge gap on invasive species and highlighted the
urgency for greater understanding of their impacts. Aichi
Biodiversity Target 9 specifically aimed to identify invasive
alien species, prioritize species formanagement, and effec-
tively control or eradicate these priority species by 2020
(UNEP/CBD/COP/DEC/X/2, 2010). Formarine animals, it
is clear that we are far from reaching that goal; our results
highlight striking gaps in even our basic understanding
of the ecology of the majority of marine invaders. Only
through diversifying research to a wider array of nonna-
tive marine species can we begin to build a stronger foun-
dation upon which this growing threat can be confidently
addressed.
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